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The crystal structures of Sinapis alba myrosinase and a covalent
glycosyl–enzyme intermediate provide insights into the substrate
recognition and active-site machinery of an S-glycosidase
Wim P Burmeister1*, Sylvain Cottaz2, Hugues Driguez2, Renato Iori3, 
Sandro Palmieri3 and Bernard Henrissat2
Background: Myrosinase is the enzyme responsible for the hydrolysis of a
variety of plant anionic 1-thio-b-D-glucosides called glucosinolates. Myrosinase
and glucosinolates, which are stored in different tissues of the plant, are mixed
during mastication generating toxic by-products that are believed to play a role
in the plant defence system. Whilst O-glycosidases are extremely widespread in
nature, myrosinase is the only known S-glycosidase. This intriguing enzyme,
which shows sequence similarities with O-glycosidases, offers the opportunity
to analyze the similarities and differences between enzymes hydrolyzing S- and
O-glycosidic bonds.
Results: The structures of native myrosinase from white mustard seed (Sinapis
alba) and of a stable glycosyl–enzyme intermediate have been solved at 1.6 Å
resolution. The protein folds into a (b/a)8-barrel structure, very similar to that of
the cyanogenic b-glucosidase from white clover. The enzyme forms a dimer
stabilized by a Zn2+ ion and is heavily glycosylated. At one glycosylation site the
complete structure of a plant-specific heptasaccharide is observed. The
myrosinase structure reveals a hydrophobic pocket, ideally situated for the
binding of the hydrophobic sidechain of glucosinolates, and two arginine
residues positioned for interaction with the sulphate group of the substrate.
With the exception of the replacement of the general acid/base glutamate by a
glutamine residue, the catalytic machinery of myrosinase is identical to that of
the cyanogenic b-glucosidase. The structure of the glycosyl–enzyme
intermediate shows that the sugar ring is bound via an a-glycosidic linkage to
Glu409, the catalytic nucleophile of myrosinase. 
Conclusions: The structure of myrosinase shows features which illustrate the
adaptation of the plant enzyme to the dehydrated environment of the seed. The
catalytic mechanism of myrosinase is explained by the excellent leaving group
properties of the substrate aglycons, which do not require the assistance of an
enzymatic acid catalyst. The replacement of the general acid/base glutamate of
O-glycosidases by a glutamine residue in myrosinase suggests that for
hydrolysis of the glycosyl–enzyme, the role of this residue is to ensure a precise
positioning of a water molecule rather than to provide general base assistance.
Introduction 
Glucosinolates are plant anionic 1-thio-b-D-glucosides
found particularly in Cruciferae (e.g. cabbage, turnips,
mustard, radishes and rapeseed). They constitute a large
family of compounds which differ by substituents on the
aglycon part of the molecule [1] (Fig. 1a). In parallel, these
plants produce myrosinase (thioglucoside glucohydrolase;
EC 3.2.3.1), an enzyme able to hydrolyze glucosinolates.
Myrosinase is stored in different compartments of the
seeds, and it is through intimate mixing of the enzyme
and substrate (for example through mastication) that glu-
cosinolate hydrolysis occurs. The biological function of
myrosinase and glucosinolates remains unclear, although
it has been suggested that they might represent a defence
system developed by the plant. Hydrolysis of glucosino-
lates results in the production of glucose and of isothio-
cyanates, thiocyanates and nitriles (Fig. 1b), which cause
thyroid and liver diseases in animals and humans during
the ingestion of glucosinolate-rich food such as rape [2].
There is some structural similarity between glucosino-
lates and cyanoglucosides, such as linamarin and lotaus-
tralin (Fig. 1c). The hydrolysis of cyanoglucosides by
cyanogenic b-glucosidases (CBGs) leads to the formation
of hydroxynitriles and, by subsequent enzymatic action,
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hydrocyanic acid [3], thereby also representing potential
health hazards. 
Genes encoding myrosinases from Sinapis alba have been
cloned and sequenced [4]. Myrosinases are S-glycosi-
dases, but the deduced amino acid sequences display
strong similarities with several O-glycosidases (Fig. 2),
and in particular with the sequence of CBG from Tri-
folium repens whose structure was solved recently (entry
1CBG [5] in the Protein Data Bank (PDB) [6]). Glycosyl
hydrolases have been classified into over 57 families,
based on amino acid sequence similarities [7–9], and
myrosinases belong to family 1 along with a number of O-
glycosidases (e.g. b-glucosidases, b-galactosidases, 6-
phospho-b-glucosidases and  6-phospho-b-galactosidases)
including CBG from T. repens. Family 1 has been shown
to belong to a large superfamily called ‘clan GH-A’ which
contains families 1, 2, 5, 10, 17, 26, 30, 35, 39, 42 and 53,
and which now comprises more than 250 members repre-
senting at least 18 different substrate specificities [9–12].
Detailed analysis of residue conservation has suggested
that only one of the two glutamate residues which consti-
tute the catalytic machinery of family 1 O-glycosidases is
present in myrosinase. This residue, Glu409 in myrosi-
nase, corresponds to the nucleophilic residue of family 1
enzymes. The second catalytic glutamate residue of the
O-glycosyl hydrolases is replaced by a glutamine in
myrosinase [10,13]. 
Glycosidases can be assigned to two fundamental classes,
either retaining or inverting, depending on the stereochemi-
cal outcome of the hydrolysis reaction they catalyze [14,15].
Myrosinase has been shown recently to be a retaining
enzyme, consistent with its sequence similarity with family
1 O-glycosidases [16]. Nitrophenyl 2-fluoroglycosides have
been used extensively by Withers and co-workers to iden-
tify the nucleophilic residue in a variety of retaining O-
glycosidases by trapping covalent glycosyl–enzyme
intermediates [17,18]. The three-dimensional structure of a
covalent catalytic intermediate of a b-glycosidase from
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Figure 1
The reaction catalyzed by myrosinase. (a) The
chemical structure of glucosinolates (e.g.
sinigrin, R = C2H3; glucotropaeolin, R = C6H5).
(b) After cleavage by myrosinase, the
aglycons of glucosinolates undergo a
spontaneous rearrangement at neutral pH
leading to isothiocyanates and sulphate.
(c) The substrates of cyanogenic b-
glucosidase (CBG): linimarin (R′ = CH3) or
lotaustralin (R′ = C2H5). (d) The mechanism-
based inhibition of myrosinase by 2-deoxy-2-
fluoroglucotropaeolin.
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Cellulomonas fimi has been solved recently [19]. We have
recently succeeded in preparing a 2-deoxy-2-fluoroglucosi-
nolate which causes inactivation of myrosinase through
accumulation of a catalytically competent intermediate
(Fig. 1d) [16]; we now report the three-dimensional struc-
ture of myrosinase and of the covalent 2-deoxy-2-fluoro-
glucosyl–enzyme. S-Glycosides are usually resistant to
hydrolysis by O-glycosidases, making them ideal enzyme
inhibitors for obtaining complexes with catalytically active
O-glycosidases [20]. This paper reports the first structure
of an enzyme capable of  hydrolysing S-glycosidic bonds
and compares the three-dimensional structure of the cova-
lent glycosyl–enzyme of an S-glycosidase with that of
O-glycosidases. 
Results and discussion
Structure of myrosinase
The crystal structure of myrosinase (Figs 3a,b) shows 499
residues, starting at residue 3 after the signal peptide and
ending with residue 501 as the last well defined residue.
Myrosinase has a (b/a)8 barrel fold as found in related
family 1 O-glycosidases [5,21,22]. The overall structure of
myrosinase is strikingly similar to that of CBG with 459 of
its Ca atoms superimposing onto their equivalents in CBG
with 1.2Å root mean square (rms) deviation (Fig. 3c).
The amino acid sequence (Fig. 2) of the myrosinase in the
crystals, as determined from the X-ray structure (Fig. 3a),
shows 92% identity with a partial sequence of a myrosinase
from S. alba (SwissProt P29736). The nucleotide sequence
of the gene encoding the crystallized enzyme was not
determined. Significant differences beyond the uncertainty
of a sequence determined from a crystal structure show
that the isoenzyme which is present in our crystals is differ-
ent from that whose partial sequence is known. The
sequence shows 69% to 73% identity with different myrosi-
nases from S. alba and other Cruciferae, 46% identity with
CBG from T. repens and less than 43% identity with other
family 1 b-glucosidases (using the automated alignment
from the PredictProtein mail server at EMBL [23]). The
strong sequence and structural similarity of myrosinase
with CBG suggests these two enzymes have evolved rela-
tively recently from a common O-glycosidase ancestor and
have specialized in plant defence mechanisms. The diver-
gence between other family 1 O-glycosyl hydrolases
appears to be older. Compared to CBG and most of the
other myrosinase sequences, our structure shows an inser-
tion from residue 375–379 (Fig. 2). This insertion forms a
flexible flap (as judged from the temperature factors in this
region) above the active-site channel. 
Research Article  Sinapis alba myrosinase Burmeister et al. 665
MYROSINASE                        EITCQENNPFTCGNTDGLNSSSFEADFI    30
MYR3_SINAL  MKLLHGLALVFLLAAASCKADEEITCEENEPFTCSNTDILSSKNFGKDFI    50
MYRO_BRANA  MKLLHGLALVFLLAAASCKADEEITCEENNPFTCSNTDILSSKNFGKDFI    50
MYRO_ARATH  MKLLM-LAFVFLLALATCKGD-EFVCEENEPFTCNQTKLFNSGNFEKGFI    48
CBG                                   FKPLPISFDDFSDLNRSCFAPGFV    24
                                          *                 *
MYROSINASE  FGVASSAYQIEGTI---GRGLNIWDGFTHRYPDKSGPDHGNGDTTCDSFS    77
MYR3_SINAL  FGVASSAYQIEGGR---GRGVNVWDGFSHRYPEKSGSDLKNGDTSCESYT    97
MYRO_BRANA  FGVASSAYQIEGGR---GRGVNVWDGFSHRYPEKAGSDLKNGDTTCESYT    97
MYRO_ARATH  FGVASSAYQVEGGR---GRGLNVWDSFTHRFPEKGGADLGNGDTTCDSYT    95
CBG         FGTASSAFQYEGAAFEDGKGPSIWDTFTHKYPEKI-KDRTNGDVAIDEYH    73
            ** **** * **     * *   ** * *  * *   *  ***
MYROSINASE  YWQKDIDVLDELNATGYRFSIAWSRIIPRGKRSRGVNQKGIDYYHGLIDG   127
MYR3_SINAL  RWKKDVEIMGELNATGYRFSFAWSRIVPKGKVSRGVDQAGLDYYHNLIDA   147
MYRO_BRANA  RWQKDVDVMGELNATGYRFSFAWSRIIPKGKVSRGVNQGGLDYYHKLIDA   147
MYRO_ARATH  LWQKDIDVMDELNSTGYRFSIAWSRLLPKGKRSRGVNPGAIKYYNGLIDG   145
CBG         RYKEDIGIMKDMNLDAYRFSISWPRVLPKGKLSGGVNREGINYYNNLINE   123
                *       *   ****  * *  * ** * **      **  **
MYROSINASE  LIKKGITPFVTLFHWDLPQTLQDEYEGFLDPQIIDDFKDYADLCFEEFGD   177
MYR3_SINAL  LLEKNITPFVTLFHWDLPQTLQDEYEGFLDRQIIQDFKDYADLCFKEFGG   197
MYRO_BRANA  LLEKNITPFVTLFHWDLPQTLQDEYEGFLDRQIIQDFKDYADLCFKEFGG   197
MYRO_ARATH  LVAKNMTPFVTLFHWDLPQTLQDEYNGFLNKTIVDDFKDYADLCFELFGD   195
CBG         VLANGMQPYVTLFHWDVPQALEDEYRGFLGRNIVDDFRDYAELCFKEFGD   173
                   * ******* ** * *** ***   *  ** *** ***  **
MYROSINASE  SVKYWLTINQLYSVPTRGYGSALDAPGRCSPTVDPS--CYAGNSSTEPYI   225
MYR3_SINAL  KVKNWITINQLYTVPTRGYALGTDAPGRCSPKVDTKQRCYGGNSSTEPYI   247
MYRO_BRANA  KVKHWITINQLYTVPTRGYAIGTDAPGRCSPMVDTKHRCYGGNSSTEPYI   247
MYRO_ARATH  RVKNWITINQLYTVPTRGYALGTDAPGRCSPKIDV--RCPGGNSSTEPYI   243
CBG         RVKHWITLNEPWGVSMNAYAYGTFAPGRCSDWL--KLNCTGGDSGREPYL   221
             ** * * *    *    *                   *  * *  ***
MYROSINASE  VAHHQLLAHAKVVDLYRKNYT-HQGGKIGPTMITRWFLPYNDTDRHSIAA   274
MYR3_SINAL  VAHNQLLAHAAIVDLYRTNYAF-QNGKIGPVMITRWFLPYDESDPACIEA   296
MYRO_BRANA  VAHNQLLAHATVVDLYRTKYKF-QKGKIGPVMITRWFLPFDESDPASIEA   296
MYRO_ARATH  VAHNQLLAHAAAVDVYRTKYKDDQKGMIGPVMITRWFLPFDHSQ-ESKDA   292
CBG         AAHYQLLAHAAAARLYKTKYQASQNGIIGITLVSHWFEPA-SKEKADVDA   270
             ** ******     *   *   * * **      ** *          *
MYROSINASE  TERMKQFFLGWFMGPLTNGTYPQIMIDTVGARLPTFSPEETNLVKGSYDF   324
MYRA_SINAL       EFFLGWFMGPLTNGTYPQIMIDTVGERLPSFSPEESNLVKGSYDF    45
MYR3_SINAL  AERMNQFFHGWYMEPLTKGRYPDIMRQIVGSRLPNFTEAEAELVAGSYDF   346
MYRO_BRANA  AERMNQFFHGWYMEPLTKGRYPDIMRQIVGSRLPNFTEEEAELVAGSYDF   346
MYRO_ARATH  TERAKIFFHGWFMGPLTEGKYPDIMREYVGDRLPEFSETEAALVKGSYDF   342
CBG         AKRGLDFMLGWFMHPLTKGRYPESMRYLVRKRLPKFSTEESKELTGSFDF   320
              *   *  ** * *** * **  *   *  *** *   *     ** **
MYROSINASE  LGLNYYFTQYAQPSPNPVNATNHTAMMDAGAKLTYINASGHYIGPLFESD   374
MYRA_SINAL  LGLNYYFTQYAQPSPNPVNSTNHTAMMDAGAKLTYINASGHYIGPLFEEN    95
MYR3_SINAL  LGLNYYVTQYAKPKPNPYPSETHTALMDAGVDLTFNNSRGEYPGPVFAED   396
MYRO_BRANA  LGLNYYVTQYAQPKPNPYPSETHTAMMDAGVKLTYDNSRGEFLGPLFVED   396
MYRO_ARATH  LGLNYYVTQYAQNNQTIVPSDVHTALMDSRTTLTSKNATGHAPGPPF---   389
CBG         LGLNYYSSYYAAKAPRI-PNARPAIQTDSLINATFEHN-GKPLGPM----   364
            ******   **                *     *     *   **
MYROSINASE  GGDGSSNIYYYPKGIYSVMDYFKNKYYNPLIYVTENG---ISTPGSENRK   421
MYRA_SINAL  KADETKNIYYYPKGIYSVMDYFKNKYYNPLIYVTENG---ISTPGDENRN   142
MYR3_SINAL  -----ANSYYYPKGIYYVMDYFKTKYNNPLIYITENG---ISTPGSESRC   438
MYRO_BRANA  --KVNGNSYYYPKGIYYVMDYFKTKYGDPLIYVTENG---FSTPSSENRE   441
MYRO_ARATH  ----NAASYYYPKGIYYVMDYFKTTYGDPLIYVTENG---FSTPGDEDFE   432
CBG         --AASSWLCIYPQGIRKLLLYVKNHYNNPVIYITENGRNEFNDPTL-SLQ   411
                      ** **     * *  *  * ** ****      *
MYROSINASE  ESMLDYTRIDYLCSHLCFLNKVIKEKDVNVKGYLAWALGDNYEFNNGFTV   471
MYRA_SINAL  QSMLDYTRIDYLCSHLCFLNKVIKEKDVNVKGYLAWALGDNYEFNKGFTV   192
MYR3_SINAL  EAIADYKRINYLCSHLCFLRKVIREKGVNIRGYFAWALGDNYEFCKGFTV   488
MYRO_BRANA  QAIADYKRIDYLCSHLCFLRKVIKEKGVNVRGYFAWALGDNYEFCKGFTV   491
MYRO_ARATH  KATADYKRIDYLCSHLCFLSKVIKEKNVNVKGYFAWSLGDNYEFCNGFTV   482
CBG         ESLLDTPRIDYYYRHLYYVLTAIGD-GVNVKGYFAWSLFDNMEWDSGYTV   460
                *  ** *   **      *    **  ** ** * ** *   * **
MYROSINASE  RFGLSYINWNNVT-DRDLKKSGQWYQKFISP                      501
MYRA_SINAL  RFGLSYIDWNNVT-DRDLKKSGQWYQKFISPGIKSPLKKDFLRSSLTFEK   241
MYR3_SINAL  RFGLSYVNWDDL-DDRNLKESGKWYQRFINGTAKNPVKQDFLRSSLSSQS   537
MYRO_BRANA  RFGLSYVNWEDL-DDRNLKESGKWYQRFINGTVKNAVKQDFLRSSLSSQS   540
MYRO_ARATH  RFGLSYVDFANITGDRDLKASGKWFQKFINVTDEDSTNQDLLRSSVSSKN   532
CBG         RFGLVFVDFKN-NLKRHPKLSAHWFKSFLKK                      490
            ****           *  * *  *   *
Figure 2
Alignment of the sequence of myrosinase from Sinapis alba
determined in this work (MYROSINASE) with a partial sequence of a
myrosinase from S. alba (MYRA_SINAL; SwissProt P29736), the only
known full-length sequence from S. alba (MYR3_SINAL; SwissProt
P29092), the sequences of myrosinases from Brassica napus
(MYRO_BRANA; SwissProt Q00326) and from Arabidopsis thaliana
(MYRO_ARATH; SwissProt P37702) and the sequence of the
cyanogenic b-glucosidase from Trifolium repens (CBG; sequence
taken from PDB entry 1CBG). Ambiguities of the sequence (Val/Thr,
Asn/Asp, Gln/Glu) were solved whenever possible using the
hydrogen-bonding pattern with neighbouring residues or, when not
possible, with the help of the related sequences. Especially at the
protein surface there remains a number of uncertain assignments.
Conserved residues are shown with asterisks. The ligands of the Zn2+
ion in myrosinase are shown in purple and the glycosylation sites are
printed in white on a purple background. The potential N-glycosylation
sites of the other sequences are printed in white on a magenta
background. Residues of myrosinase involved in glucose-ring
recognition are printed in white on a black background and those
involved in aglycon recognition are underlaid in yellow. The catalytic
nucleophile is printed in red and the position of the general acid/base
in related O-glycosidases is printed in white on a red background.
Myrosinase is a dimer in solution [24]. The crystal contains
a crystallographic dimer which is stabilized by a Zn2+ ion
(see Materials and methods section) bound on a twofold
axis (Figs 4a,b). This dimer could correspond to that
666 Structure 1997, Vol 5 No 5
Figure 3
The overall structure of the myrosinase
molecule. (a) The real space correlation factor
between theoretical electron density of the
residue and the observed electron density in
the final 2Fo–Fc map based on the refined
model. The values give an estimate of the
reliability of the sequence determination for
each position. The low correlation coefficient
of His56 and Asp70 is due to the proximity of
the Zn2+ ion. (b) Stereoview Ca trace of the
myrosinase monomer; every tenth residue is
labelled. (c) Stereoview superimposition of
the Ca backbone of cyanogenic b-
glucosidase (fine lines) with myrosinase (thick
lines). The residues of the myrosinase used in
the alignment are shown in black, the other
residues are shown in grey. The active site is
marked by the position of the 2-fluoroglucosyl
group in ball-and-stick representation. The
N-terminal and C-terminal visible residues are
labelled.
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observed in solution as the other crystal contacts are less
extensive. Furthermore, no Zn2+ was added during purifi-
cation or crystallization. The Zn2+ ion has a tetrahedral
coordination, with angles between 97° and 118°, through
four residues: His56 and Asp70, and their symmetry-
related equivalents (Fig. 4b). CBG is also found as a dimer
in the crystals, but the orientation of the subunits is not the
same as observed for myrosinase. Interestingly the residues
corresponding to His56 and Asp70 are largely conserved in
family 1 glucosidases including CBG (Fig. 2). It is therefore
surprising, that the dimerization using the Zn2+- binding
site is not observed for CBG. This could be due to the
elimination of Zn2+ during purification, as a superposition
of CBG and myrosinase at the dimer interface shows that
both structures are very similar in this area, with the excep-
tion of the loop from residue 37–42 in CBG which would
require a conformational rearrangement to avoid a steric
clash in the possible CBG dimer. The accessible surface
area buried at the dimer interface for each myrosinase
monomer is 980Å2 (calculation performed with GRASP
[25] and a probe radius of 1.4Å). This buried area is more
than the 670Å2 calculated for the CBG dimer [5]. The
dimer interface consists of hydrophobic interactions (the
most significant one involving Leu48) and a few direct
hydrogen bonds (Gly45 O–Arg57 N, His56 O–Thr43 Og1,
Arg106 Nε–Asp150 O, Arg106 Nh2–Asp150 O/Glu151 O).
Other interactions are mediated by water molecules.
The peptide bond Trp456–Ala457 in myrosinase is cis ana-
logue to the bond 446–447 in CBG; Pro11 and Pro203 are
cis prolines. Myrosinase contains three disulphide bridges:
one of these (Cys206–Cys214) is also present in CBG, but
not in other family 1 b-glucosidases. The two other disul-
phide bridges (Cys6–Cys438 and Cys14–Cys434) are
found at the N terminus of myrosinase. These bridges
probably confer additional stability to the enzyme. 
The myrosinase structure shows a substantial number of
salt bridges and hydrogen bonds between charged and
neutral atoms. Of the 18 arginine residues, only two do not
participate in hydrogen bonds with other protein atoms.
The remaining arginine residues form 15 salt bridges and
19 hydrogen bonds, 15 of which involve mainchain car-
bonyl oxygens. Three of the 12 histidines do not interact,
the remaining nine form three salt bridges and ten hydro-
gen bonds (five with carbonyl oxygens). Of the 25 lysine
residues, 16 are mainly exposed to solvent, while four
residues form salt bridges; the lysine residues participate
in the formation of eight hydrogen bonds, seven of which
involve carbonyl oxygens. Nine of the 19 glutamic acid
Research Article  Sinapis alba myrosinase Burmeister et al. 667
Figure 4
The glycosylated myrosinase dimer. (a) View
of the myrosinase dimer as found in the
crystal structure. The Zn2+ ion on the twofold
axis is shown as a red sphere and its four
ligands are shown in green. The position of
the active site is indicated by a glucose
molecule in magenta. Disulphide bridges are
shown in yellow ball-and-stick
representation; the carbohydrate groups of
the nine glycosylation sites which are
included in the model are in white ball-and-
stick form with atoms in standard colours.
The secondary structure was assigned using
DSSP [49]. (b) The Zn2+-binding site. An
anomalous Fourier map (see Materials and
methods) contoured at 0.22 e–/Å3 (20s)
showing the Zn2+ ion. The distances to the
ligands are given in Å. (c) The glycan on
Asn292 superimposed on an Fo–Fc Fourier
synthesis contoured at 4s based on a model
from which the glycan has been omitted.
(d) The superimposition of carbohydrate
structures and glycosylation sites. The
structure of the heptasaccharide attached to
Asn292 is shown in purple, the five visible
residues of the glycosylation site on Asn265
are shown in green and the heptasaccharide
from the E. corallodendron lectin is shown in
magenta. The superimposition is based on
the C1 atoms of the five sugar residues
common to all glycans.
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residues are fully exposed to the solvent, and the others
are involved in nine salt bridges and four hydrogen bonds
(one with a mainchain amide nitrogen). Finally, 14 of the
37 aspartic acid residues are fully solvent exposed, the
remaining ones being involved in 18 salt bridges and 17
hydrogen bonds (five to amides). The interactions
between mainchain atoms and charged residues appear to
stabilize the structure of loop regions and the ends of a
helices. The effectiveness of this stabilization is reflected
by the generally low temperature factors in these regions.
The presence of salt bridges and charged neutral hydro-
gen bonds has been linked to thermostability [26] and sta-
bility against denaturation under high salt conditions
[27,28]. Indeed, myrosinase is stable against denaturation
[24] and has its maximal activity between 55° and 65° [29].
Glycosylation
Within the myrosinase structure, we observe electron
density for carbohydrates at ten N-glycosylation sites:
residues 21, 90, 218, 244, 265, 292, 343, 346, 361 and 482.
The glycosylation site Asn343 is not well ordered and only
poor electron density is observed for the carbohydrate so it
was not modelled. While only N-acetylglucosamine
(GlcNAc) could be modelled at most of the glycosylation
sites, the complete plant-specific heptasaccharide
M a n a( 1 , 6 ) [ M a n a( 1 , 3 ) ] [ X y l b( 1 , 2 ) ] M a n b( 1 , 4 )
GlcNAcb(1,4) [L-Fuca(1,3)] GlcNAc is visible, b-linked to
Asn292 (Fig. 4c). The first five of the seven sugars,
Xylb(1,2) Manb(1,4) GlcNAcb(1,4) [L-Fuca(1,3)] GlcNAc,
are also visible linked to Asn265. The three-dimensional
structure of these carbohydrate chains is very similar to that
observed for the Erythrina corallodendron lectin (PDB entry
1LTE [30]). The GlcNAc and fucose residues of myrosinase
and the lectin superimpose completely, the central mannose
and the xylose residues are in very similar conformations and
only the orientation of the outer mannose residues varies,
illustrating the inherent flexibility of these complex oligosac-
charides (Fig. 4d, Table 1). Therefore, the crystal structures
show a surprisingly well conserved complex carbohydrate
structure, despite substantial differences in the contacts of
the carbohydrate chains due to different crystal contacts.
The carbohydrate chains are distributed over the entire
surface of the myrosinase dimer. The large amount of car-
bohydrate (13kDa per dimer) is most likely needed to
maintain molecular stability and solubility in the dehy-
drated environment of the seed. The crystallization trials
showed that myrosinase is very soluble and can only be pre-
cipitated using 66% saturated ammonium sulphate. The
number of glycosylation sites (ten sites) is close to that pre-
dicted for the A. thaliana enzyme (nine sites), but is higher
than that predicted for the other myrosinases (five to six
sites) or that from CBG (three sites). This observation may
reflect the fact that some of the other enzymes are
expressed in leaves and stalks rather than in seeds.
Recognition of the sugar moiety of the substrate
The structure of the crystals soaked in 2-fluoro-2-deoxy-
glucotropaeolin clearly shows the presence of a glycosyl–
enzyme with a covalent a-glucosidic bond between the
sugar anomeric carbon and Glu409, the active-site nucle-
ophile of myrosinase (Figs 5, 6). The glucose ring has a 4C1
chair conformation and its recognition is mediated by six
hydrogen bonds. The binding cavity is lined by hydropho-
bic residues. In the native structure (Fig. 5c), Glu409 forms
a salt bridge with Arg95. Upon formation of the glycosyl–
enzyme, this salt bridge is disrupted and the sidechain of
Glu409 changes its conformation. A water molecule
(Fig. 7a) hydrogen bonds to Arg95 whose charge becomes
buried. Formation of the glycosyl–enzyme is also accompa-
nied by a slight change in the position of Tyr330 whose
hydroxyl group points towards the sugar ring oxygen.
Comparison with the C. fimi b-glycanase Cex
The only three-dimensional structure of a glycosyl–
enzyme intermediate available for comparison with the
glycosyl–myrosinase intermediate is that of C. fimi b-
glycanase Cex (PDB entry 1EXP) [19] which, like myrosi-
nase, belongs to glycosyl hydrolase clan GH-A [10]. A
comparison of the myrosinase active site with that of Cex
(Fig. 7b) shows which parts of the catalytic and sugar
recognition machinery are conserved between these two
distantly related enzymes. The catalytic nucleophile
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Table 1
Torsion angles of the glycosidic linkages inside the glycans of myrosinase and Erythrina corallodendron lectin.
Myrosinase Asn292 Myrosinase Asn265 E. corallodendron lectin Asn17
phi/psi(/omega) (°) phi/psi(/omega) (°) phi/psi(/omega) (°)
Fuc a(1,3) GlcNAc –75.0/–90.5 –74.3/–98.0 –70.5/–102.6
GlcNAc b(1,4) GlcNAc –79.5/135.9 –68.6/135.6 –71.4/131.0
Man b(1,4) GlcNAc –87.8/118.4 –90.8/132.4 –79.0/82.3
Xyl b(1,2) Man –92.9/–110.4 –86.4/–105.1 –73.1/–95.7
Man a(1,6) Man 32.7/–160.7(/50.9) 55.0/75.8(/51.6)
Man a(1,3) Man 69.8/–128.1 79.5/–115.0
Torsion angles of the glycosidic linkages inside the complex glycans
visible in the myrosinase structure in comparison to the glycan from
E. corallodendron lectin [30]. No constraints were imposed on the
torsion angles during refinement.
Glu233 in Cex corresponds to the catalytic nucleophile
Glu409 in myrosinase. The acid/base residue Glu127 of
Cex is replaced by Gln187 in myrosinase, and the O2 atom
of glucose, which is recognized by Asn126 and His80 in
Cex, is recognized by Asn186 and His141 in myrosinase.
The hydrophobic face of the sugar ring is stacked onto
Trp457 in myrosinase and Trp273 in Cex. In myrosinase,
the hydrophobic residue Phe473 in van der Waals contact
with the glucose ring corresponds to Trp84 in Cex.
Tyr330 in myrosinase is replaced by His205 in Cex, which
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Figure 5
Structure of the glycosyl–enzyme. (a) Two
orthogonal views of an Fo–Fc map using the
observed structure-factor amplitudes of the
crystals soaked with 2-deoxy-2-
fluoroglucosinolate and calculated structure
factors based on a model of native
myrosinase from which the water molecules in
the active site have been removed. The
electron density is contoured at 4.5 s level.
The electron density which does not belong to
the glucose ring is due to a conformational
change of the nucleophile Glu409 after
formation of the glycosyl–enzyme. The refined
model of the glycosylated Glu409 is
superimposed. (b) The refined model of the
glycosyl–enzyme. Hydrogen bonds important
in recognition of the carbohydrate moiety are
drawn in green; the fluorine atom of the
inhibitor is shown in yellow, the inhibitor is in
magenta. (c) The same view as in (a) showing
the active-site residues of myrosinase in the
free enzyme. A glycerol molecule from the
cryoprotectant is shown in magenta, it mimics
a part of the glucose ring of the substrate
(atoms C2, C3, C4, OH2, OH3 and OH4).
The water molecules close to the active site
are represented as red spheres. 
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suggests either that Tyr330 plays only a structural role or, if
it plays a role in catalysis, that this role can be filled by a his-
tidine, possibly together with Asp235 hydrogen bonded to
it, as suggested by White et al. [19]. There is no equivalent
residue in Cex to Arg90 of myrosinase. The charge of this
residue in myrosinase becomes buried upon formation of
the glycosyl–enzyme and may destabilize it. As Cex is made
of a much smaller b/a-barrel structure and acts upon an
extended polysaccharide substrate, its substrate-binding
pocket appears as an extended cleft compared to the
pocket-shape of the myrosinase active site . The superim-
position of the two glycosyl-enzyme structures is good, but
not perfect (Fig. 7b). This perhaps originates from the fact
that the Cex glycosyl–enzyme was not made using an
inhibitor derived from the natural substrate of the enzyme,
xylan, but from a cellobiose derivative. The additional
hydroxymethylgroup at C5 of cellobiose may lead to  the
carbohydrate moiety in the active site of Cex adopting a
slightly different position than that which would be
observed for the natural substrate. Furthermore, the glyco-
syl–enzyme of Cex has been refined with parameters for the
glucose ring which applied only weak constraints on the
geometry of the C1 and C2 carbons (A White, personal com-
munication). This led to a deviation from sp3 geometry for
the C1 and C2 carbons of the first glucose ring in Cex. In
our structure, a more strict sp3 geometry has been imposed.
Docking of the substrate into the active site
To determine other elements specific for myrosinases, the
enzyme–substrate complex was modelled starting from
the established position of the glucose ring in the glyco-
syl–enzyme. Inspection of the environment of the active
site showed a hydrophobic pocket (Fig. 7c) on the aglycon
side of the active site. This pocket is formed by residues
Phe331, Phe371, Phe473, Ile257 and Tyr330. With the
exception of Phe331, which can be substituted by a valine,
these characteristic residues are strictly conserved in
myrosinases (Fig. 2). It is likely that the hydrophobic part
of the glucosinolate aglycons (e.g. allyl, benzyl or indol
groups) is located in this pocket. Tyr330 is also conserved,
not only in myrosinases but also in a large number of
related O-glycosidases [31].
As desulphoglucotropaeolin is only a poor inhibitor of
myrosinase [32], the sulphate group of the substrate is
probably the site of a specific recognition by myrosinase.
This recognition is most likely to be achieved by residues
Arg194 and Arg259 which are strictly conserved among
myrosinases and absent in the related b-glucosidases.
This resulted in another constraint for the docking. It also
became obvious that the crystal structure of the glucosi-
nolate sinigrin [33] could not be used directly for model-
ling  as a very important clash between enzyme and
aglycon was found when the glucose rings of sinigrin and
of the glycosyl–enzyme (which are both in a 4C1 chair
conformation) were superimposed. Sulzenbacher et al.
[20] have shown that catalysis by a retaining cellulase
takes place via a twisted boat conformation with a quasi-
axial orientation for the leaving group. This conformation
places the glycosidic oxygen distant from the position it
has in the 4C1 chair. A sinigrin molecule with a twisted
boat conformation for the glucose ring, similar to that
described by Sulzenbacher et al. [20], fitted the active site
better. The other constraints (the allyl group fitting into
the hydrophobic pocket and the, sulphate group interact-
ing with Arg194 and Arg259) could be fulfilled and, after
adjustment of some torsion angles of the aglycon, this
model was energy minimized. The resulting model shows
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Figure 6
Schematic diagram showing the recognition
of the glucose ring in the glycosyl–enzyme.
Hydrogen bonds are shown as dotted lines. 
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that Ser/Thr190 which is conserved in myrosinase
sequences, along with its function to define the position
of Gln409, probably also hydrogen bonds to the sulphate
group of the substrate. Another residue probably involved
in substrate recognition is Trp142 which is in van der
Waals contact with the sulphur atom of the thioglycosidic
linkage. This residue is usually present in the sequence of
family 1 glycosidases.
The fact that the glutamate acid/base catalyst of O-glycosi-
dases is replaced by a glutamine and no other residue in all
known myrosinase sequences, indicates a possible specific
role for this residue. The sinigrin–myrosinase model shows
that the amide nitrogen of Gln187 can also hydrogen bond
to the sulphate group of the aglycon. A glutamate residue
at this position would cause unfavourable electrostatic
interactions with the sulphate group.
Catalysis
Like most retaining glycosyl hydrolases, myrosinase oper-
ates via a mechanism involving two steps: the formation of
the glycosyl–enzyme with concomitant aglycon departure
(glycosylation step); and hydrolysis of the glycosyl–enzyme
by a water molecule (deglycosylation step) [14,15,17]. The
present structural study shows that the glycosylation step
of myrosinase involves formation of a covalent glycosyl–
enzyme resulting from the nucleophilic attack of Glu409
on the anomeric carbon of the substrate. After departure of
the aglycon, the glycosyl–myrosinase structure is virtually
identical to that of a b-glucosidase. The only noticeable
difference between the two structures is that the acidic
residue which usually provides protonation assistance to
aglycon departure in O-glycosidases is replaced by a gluta-
mine residue (Gln187) in myrosinase. There is no other
residue positioned to perform this function and the partici-
pation of the sulphate group of glucosinolates in catalysis is
unlikely due to its low pKa. The excellent ability of the
aglycon of glucosinolates to act as a leaving group seems to
make acid catalysis unnecessary. Consistent with this,
myrosinase cannot hydrolyze O-glycosides with aglycons of
poor leaving group ability, but it has been shown that the
enzyme is able to hydrolyze p-nitrophenyl-glucose [34].
This would also explain why the Glu→Gln replacement at
the acid/base position is not found in O-glycosidases, as
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Figure 7
The active site of myrosinase. (a) Side-view of
the active site of myrosinase showing the
glycosyl–enzyme. The hydrogen-bond
network (green) around Gln187 is shown as
well as the water molecules in proximity of C1
of the fluoroglucose (magenta). Water
molecules are shown as red spheres and
other atoms are in standard colours. An arrow
is drawn below the water molecule which is
situated in a position suitable for the
nucleophilic attack. (b) Superimposition of the
active sites of the b-glycanase Cex (1EXP
[19]; dark purple) and myrosinase (light
purple). Both structures are glycosyl–enzymes
stabilized by a fluorine atom on atom C2 of
the carbohydrate moieties. The 2-deoxy-2-
fluoroglucose residues of both structures
have been superimposed: the 2-deoxy-2-
fluoroglucose residue of myrosinase is shown
in red, the 2-fluorocellobiose of Cex is in
green. Residue names and numbers refer to
myrosinase. (c) Modelling of the
enzyme–substrate complex of myrosinase. A
model of sinigrin was modified to a have a
skew-boat conformation at the glucose ring
[20] and was docked manually into the active
site. Torsion angles were adjusted whenever
possible and necessary, and the structure
was subjected to an energy minimization
constraining the Ca backbone and atoms O3
and O4 of the substrate to their position in
the crystal structure. The active-site residues
are shown as spheres with their van der
Waals radii, with the exception of Arg194
which is shown in a ball-and-stick
representation for clarity. The sinigrin
molecule is drawn in magenta.
(d) Superimposition of the catalytic sites of
myrosinase (purple) and cyanogenic b-
glucosidase (CBG; cyan). Residue numbers
refer to myrosinase. The catalytic site is
identical in the two enzymes with the
exception of the replacement of Glu183 in
CBG (the general acid/base) by a glutamine
in myrosinase. 
their natural substrates have aglycons which are poor
leaving groups. 
The second step in the mechanism of myrosinase is the
hydrolysis of the glycosyl–enzyme. Here again myrosinase
appears different from O-glycosidases as in the latter, the
water molecule which hydrolyses the glycosyl–enzyme
intermediate is believed to be activated by a glutamate
residue providing general base catalysis. As previously
indicated, there is no such residue in myrosinase (which
bears Gln187 instead), yet myrosinase hydrolyzes glucosi-
nolates very efficiently with, for instance, a kcat of 119s–1
using sinigrin as a substrate [29]. A conceivable explana-
tion for the difference between myrosinase and O-glycosi-
dases could be that the glycosyl–enzyme of myrosinase is
a lot more reactive than those of O-glycosidases and could
be hydrolyzed by water without base assistance. However,
comparison of the active-site residues of myrosinase with
those of CBG reveals a perfect overlap of all elements con-
stituting the catalytic machinery; the comparison does not
suggest any explanation for an increased reactivity of the
glucosyl–enzyme of myrosinase compared to that of CBG
(Fig. 7d). The only three-dimensional structure of another
covalent glycosyl–enzyme intermediate available in the
literature is that of the b-glycanase of C. fimi (Cex) [19].
This structure was examined for an explanation to a possi-
ble increased reactivity of the myrosinase glycosyl–
enzyme (Fig. 7b). The 2-fluoro-glucose ring covalently
bound to the nucleophile of Cex appears somewhat dis-
torted with the position of the C2 fluorine atom departing
substantially from that in a standard 4C1 chair. By contrast,
the 2-fluoro-glucose ring of the myrosinase glycosyl–
enzyme is less distorted and suggests that it would be, at
most, as reactive as that of Cex.
A water molecule is visible 3.9Å above the C1 carbon of
the glycosyl–myrosinase (Fig. 7a). This water molecule
would be even closer (about 3.3 Å) assuming a planar con-
formation of C1, as expected for the transition state of the
reaction. During the nucleophilic attack, this water mole-
cule could move further towards C1 creating a new hydro-
gen bond with Oε1 of Gln187. The position of Gln187 in
myrosinase is tightly defined by a network of hydrogen
bonds between conserved residues. Residue 190 is invari-
ably a serine or a threonine in myrosinase sequences and
not in related O-glycosidases. The hydrogen bond
between Ser/Thr190 Og and Nε2 of Gln187 is, therefore,
a feature specific of myrosinase. Furthermore, Gln187 is
positioned by the hydrogen bond between Oε1 of Gln187
and Nd2 of Asn328 which itself hydrogen bonds via Od1
to Og1 of Thr408.
The concept of general base activation of the nucleophilic
water for the hydrolysis of the glycosyl–enzyme intermedi-
ate of retaining O-glycosidases is widely accepted [17]. Its
importance has been mostly derived from the kinetic
analysis of several proteins mutated at the acid/base
residue. However, there are some experimental data that
suggest that the mechanism might be more complicated.
For instance, it was shown that Glu127→Ala mutants of
C. fimi Cex display a 200 to 300-fold rate reduction when
deglycosylation is rate limiting [35]. Agrobacterium faecalis
b-glucosidase, is an extremely well characterized glycosi-
dase which, like myrosinase, belongs to family 1. With this
enzyme, Glu→Ala mutants of the acid/base residue gave a
1760-fold reduction in kcat for the deglycosylation step [13].
These effects have been invariably interpreted as consis-
tent with a loss of general base activation. Myrosinase can
be approximated as a ‘natural’ Glu→Gln mutant of an
O-glycosidase. The excellent catalytic activity of myrosi-
nase suggests that loss of general base activation is unim-
portant here and the precise positioning of the nucleophilic
water molecule appears sufficient to hydrolyze the glyco-
syl–enzyme intermediate. In O-glycosidases, Glu→Ala
mutations may affect the hydrogen-bond network in the
active site with some adverse effects on the positioning of
the nucleophilic water molecule. It is interesting to note
that a Glu→Gln mutant of another family 1 glycosidase,
the Sulfolobus solfataricus b-glycosidase, shows a less than
tenfold reduction in kcat with p-nitrophenyl-b-galactoside
as the substrate [36]. This small effect probably reflects
changes in the hydrogen-bond network smaller than those
arising from Glu→Ala mutations. All the above observa-
tions suggest that while general base activation of the
hydroxyl groups of acceptor alcohols, such as carbohy-
drates, is clearly essential for transglycosylation reactions,
the importance of base activation of water for the hydroly-
sis of glycosyl enzymes in O-glycosidases is probably over-
estimated. In addition, the esteral C1–O1 bond of a
glycosyl–enzyme is expected to be more reactive than the
acetal bond of an ordinary glycoside, making the deglyco-
sylation step easier than the glycosylation step. Finally, the
requirement for base activation of the nucleophilic water in
certain inverting glycosidases is still a subject of debate
because the base residue is sometimes hard to locate.
Recent studies have suggested that catalysis by cellobiohy-
drolase II from Trichoderma reesei may constitute another
example where water activation is perhaps unnecessary for
glycosidic bond hydrolysis [15,37].
Would retaining O-glucosidases hydrolyze glucosinolates,
as their catalytic machinery seems a priori sufficient?
Myrosinase has developed an aglycon-binding site tailored
for the specific recognition of glucosinolates: residues are
adapted to, and positioned for, the recognition of the sul-
phate group and a hydrophobic pocket holds the variable
hydrophobic sidechain of the substrates. The related
O-glucosidases, including CBG, lack these specific features
and are unlikely to hydrolyze glucosinolates.
Based on the results of this study, several experiments can
be proposed in order to confirm the suggested mechanism.
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In particular, substitution of Gln187 by glutamate in
myrosinase should lead to a functional enzyme for the
cleavage of glucosinolates, except that the affinity for the
substrate would perhaps be lowered due to a possible
unfavourable interaction between the sulphate group of
the substrates and Glu187. In addition, this enzyme
should then become able to cleave some O-glucosides pro-
vided they can be accommodated sterically in the active
site. If Gln187 was substituted by a different residue (for
example alanine or glycine), then the lifetime of the
natural glycosyl–enzyme should increase considerably as
the water molecule needed for hydrolysis would perhaps
be no longer positioned correctly. In this case, it might
even be possible to observe the glycosyl–enzyme without
the use of a 2-fluoro-derivative of the substrate.
Biological implications
The selective hydrolysis of glycosidic bonds is catalyzed
by O-glycosidases, a group of enzymes involved in
energy uptake, cell wall degradation, turnover of carbo-
hydrate signalling molecules, and a variety of defence
systems against pathogens. Myrosinase is a plant
enzyme responsible for the hydrolysis of glucosinolates,
a series of natural 1-thio-glucosides, and is the only
known S-glycosidase. The hydrolysis of glucosinolates
generates toxic by-products which are believed to have a
role in the plant defence system. We have determined the
structures of the native myrosinase from white mustard
seed and of the covalent glycosyl–enzyme intermediate
obtained after reaction with 2-deoxy-2-fluoroglucotro-
paeolin. The 499 residues of myrosinase fold into a single
(b/a)8 barrel as found in many enzymes, and in particu-
lar in several families of related O-glycosidases. The
cyanogenic b-glucosidase (CBG) from white clover is so
far the closest relative of myrosinase. Myrosinase
appears to have evolved from an O-glycosidase ancestor,
and this event is more recent than the divergence that
gave rise to the other related enzymes.
The surface of myrosinase is highly glycosylated. At
one site, a complete plant heptasaccharide Mana(1,6)
[Mana(1,3)] [Xylb(1,2)] Manb(1,4) GlcNAcb(1,4)
[L-Fuca(1,3)] GlcNAc b-linked to Asn292 is visible in a
conformation strikingly similar to that observed in a plant
lectin. The structure of myrosinase shows a typical
example of the adaptation of an enzyme to the dehydrated
environment of the seed. The extreme stability required in
this environment is achieved by several methods: a mas-
sive glycosylation of the surface; the dimerization of the
enzyme, reducing the amount of exposed surface; three
disulphide bridges; numerous salt bridges; and the stab-
ilization of the mainchain conformation with hydrogen
bonds between mainchain atoms and charged residues.
Myrosinase operates via a molecular mechanism which
leads to overall retention of the anomeric configuration.
The structure of the glycosyl–enzyme intermediate gives
the first high-resolution structure of the substrate recog-
nition and active-site machinery of this S-glycosidase.
The catalytic machinery is identical to that of related
O-glycosidases with the exception of the replacement of
the acid/base glutamate by a glutamine residue. This
replacement shows that the nucleophilic attack is suffi-
cient for the reaction to proceed and that the departure of
the aglycon of glucosinolates requires no assistance.
Hydrolysis of the glycosyl–enzyme intermediate of
myrosinase is mediated by the precise positioning of a
nucleophilic water molecule, and not by a general base
activation of water. This feature is likely to be also
shared by O-glycosidases. The aglycon-binding site of
myrosinase is adapted to the recognition of the sulphate
group and the hydrophobic sidechain of glucosinolates.
The structure of myrosinase shows no specific features to
deal with the specific chemistry of sulphur and catalysis
by myrosinase seems to be mostly based on the excellent
leaving group properties of the glucosinolate aglycons.
Materials and methods
Crystallization
Myrosinase was purified as described previously [24]. Crystals were
grown at room temperature using the hanging-drop method with
12mgml–1 myrosinase in 30 mM Hepes pH 6.5 buffer (0.05% NaN3)
and a precipitant containing 66% saturated ammonium sulphate (AS) in
100mM Tris-HCl pH 8.0. Before data collection at low temperature
(100K), the native crystals were transferred stepwise to a cryoprotec-
tant containing 100 mM phosphate buffer, pH 8.0, 66% structural AS
and 20% v/v glycerol. To obtain the glycosyl–enzyme, the native crystals
were soaked for 2 h in a buffer containing 2.7 mM 2-deoxy-2-fluoroglu-
cotropaeolin, 11 mM phosphate pH 7.0 and 66% saturated AS, before
being transferred to the cryoprotectant. The mechanism-based inhibitor
2-deoxy-2-fluoroglucotropaeolin was synthesized as described [38]. 
Data collection
The crystals belong to space group C2221 with cell parameters of
a = 136.2 b = 138.2, c = 81.2 Å. The solvent fraction in the crystal is
55%, based on one myrosinase monomer in the asymmetric unit.
Room temperature data were collected on a rotating-anode X-ray
generator equipped with focusing mirrors and a MarResearch image
plate detector.
The native low temperature data set (a = 134.3 b = 136.4, c = 80.3 Å)
was collected at 100K on the Swiss-Norwegian beamline (BM 1) at
the European Synchrotron Radiation Facility (ESRF) using a large
MarResearch image plate detector scanned with 9 cm radius. The 
fluoroglucotropaeolin data set was collected at 100K on BM 14 at
ESRF using an identical image plate detector. Data collection and
refinement statistics are presented in Table 2. Data were integrated
using MOSFLM and scaled using ROTAVATA/AGROVATA [39].
Structure determination and refinement
The structure was solved using molecular replacement with CBG
(PDB code 1CBG; residues 14–490) as the search model. Rotation
and translation functions were calculated using X-PLOR [40]. The
highest peak persisted in different resolution ranges and for different
Patterson vector cut-offs. This solution was calculated to 1° accuracy
and the corresponding orientation used for translation functions using
structure factors from 5–12 Å resolution. In spacegroup C2221 the
translation function gave a clear maximum with a correlation of 24.5%
and a maximum of the packing function. The height of the next peak
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was 20.2% which was 2s lower. In spacegroup C222, the maximum
of the translation function was only 17.5%, while the value of the
packing function was lower than that obtained in spacegroup C2221.
Based on the sequence of S. alba myrosinase (entry P29092 in the
Swiss-Prot database) and the alignment with CBG, a three-dimen-
sional model of myrosinase was built using ‘O’ and especially the
‘LEGO’ features [41]. The backbone of the model outside regions of
insertion and deletion was fixed and the energy of the model was
minimized using X-PLOR. This model was used in rigid-body mini-
mization leading to an R factor of 51.2% between 12 and 3.3 Å reso-
lution. 2Fo–Fc maps in which 50 residues were omitted from the
structure were calculated. The real space correlation between the
ideal electron density of the omitted residues and their electron
density in the map was used to identify the reliable parts of the
model, which were used for further phasing. The model was com-
pleted and improved by successive cycles of refinement using
X-PLOR and model building using ‘O’. Map calculations were
achieved using the CCP4 package. When further progress was no
longer possible, the structure was placed in the cell of the low tem-
perature native data set using a translation function and rigid-body
refinement. During cycles of refinement and rebuilding, it became
clear that the amino acid sequence did not correspond to the elec-
tron density. Accordingly, the sequence was adjusted based on the
electron density prior to further iterations. At the same stage, the
presence of a Zn2+ ion and of carbohydrates became obvious and
these were introduced in the final model, which was refined to 1.64 Å
resolution. The sequence of the final model based on the electron
density is 30% different from the starting sequence. 
The Zn2+ ion was identified on the basis of its coordination, small
ligand-ion distances (1.94 Å and 2.00 Å), and B factor (9.2 Å2), which is
similar to that of the ligand atoms (8.7 Å2 for Nε2 of His56, 8.2 Å2 for
Od2 of Asp70). At l = 0.87 Å, an anomalous signal of 2.05 electrons is
expected for the 28 electrons of the Zn2+ ion. This compares to a
height of 0.51 e–/Å3 of the only peak in an anomalous Fourier synthe-
sis (next highest peak 0.06 e–/Å3) using model phases (Fig. 4b) and of
6.85 e–/Å3 in a map based on Fo using the same set of reflections. The
ratio between the normal and anomalous signal (13.4) is consistent
with the theoretical value for Zn2+ (13.7). A number of other ions were
excluded as the protein does not absorb in visible light.
The final model contains 499 residues, 21 carbohydrate residues,
three glycerol molecules, ten sulphate ions, a Zn2+ ion and 672 water
molecules. Occupancies of the sulfate ions have been refined, and the
temperature factor of water molecules is smaller than 50 Å2. The scat-
tering of the bulk solvent is included (X-PLOR command solmask), and
the rms value of B factor differences of atom linked by bonds is 2.0 Å.
The crystallographic R factor up to 1.64 Å resolution using all reflec-
tions is 15.2%; the Rfree = 18.8% [42]. The coordinate error estimated
from SIGMAA is 0.12 Å. In the Ramachandran plot there are no
residues in disallowed regions (analyzed with PROCHECK [43]). The
orientation of the carbonyl and amide functions in a number of
asparagine and glutamine residues could be determined. When the
residue is oriented correctly, the temperature factors of the oxygen and
the nitrogen atom refine to similar values (Gln187: 7.4, 6.0 Å2; Asn328:
8.7, 4.8 Å2). For the other orientation there was a large difference
between the temperature factors obtained after refinement (Gln187:
12.4, 2.6 Å2; Asn328: 9.8, 2.9 Å2). Graphics were prepared using O
[41], MOLSCRIPT [44], MINIMAGE [45] and RASTER3D [46,47].
The crystals soaked with 2-deoxy-2-fluoroglucotropaeolin were isomor-
phous to the native myrosinase crystals. The position and orientation of
the glucose ring was obvious from a Fo–Fc map using the observed
structure-factor amplitudes and calculated structure factors based on
the model of native myrosinase (from which the water and glycerol mol-
ecules in the active site were removed). Direct difference Fourier maps
were not suitable as in the native structure half of the glucose-binding
site is occupied by a glycerol molecule.
Accession numbers
The coordinates (entries 1MYR and 2MYR) and structure factors are
available from the Brookhaven Protein Data Bank.
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